Multiple sclerosis is postulated to be a Th1-type cell-mediated autoimmune disease. We investigated cytokine profiles in patients with progressive multiple sclerosis by using intracytoplasmic staining. We found increased IL- 
Introduction
Multiple sclerosis (MS) 1 is a chronic inflammatory disease of the central nervous system characterized by perivascular T cell and macrophage infiltrates leading to demyelination. Although the etiology of MS is unknown, it is considered to be a T cell-mediated autoimmune disease (1) . In the mouse system, two distinct T cell subsets have been defined. Th1 cells secrete IL-2 and IFN-␥ and mediate delayed-type hypersensitivity, whereas Th2 cells secrete predominantly IL-4, IL-5, and IL-10 and mediate humoral immunity (2) . Cells that secrete predominantly TGF-␤ have been termed Th3 cells (3, 4) . In the experimental autoimmune encephalomyelitis (EAE) mouse model, T cells producing Th1 cytokines can transfer disease (5, 6) , while spontaneous recovery from EAE correlates with a switch to TGF-␤ and Th2 cytokines (7) (8) (9) (10) . IL-12 is a heterodimeric cytokine produced mostly by phagocytic cells and induces cytokine production, primarily of IFN-␥ , from T cells. Several studies in humans (11, 12) and in the mouse (13, 14) have assigned a role to IL-12 as the promoter of Th1 cell generation, acting in antagonism with IL-4, the major promoter of Th2 responses. Administration of IL-12 to mice after transfer of encephalitogenic cells resulted in increased severity and duration of EAE; treatment with anti-IL-12 antibodies substantially reduced the incidence and severity of adoptively transferred EAE (15) . Elevated serum levels of IL-12 as well as increase in T cell receptor-mediated IL-12 secretion have been reported in the chronic progressive form of MS (16, 17) . The results of these studies suggest that IL-12 plays an important role in the pathogenesis of EAE and MS and that immune strategies aimed at downregulating IL-12 may be efficacious therapies.
Cyclophosphamide is a cytotoxic drug that interferes with DNA synthesis and has its major pharmacological action on dividing cells. Cyclophosphamide was one of the first drugs shown to reverse the course of EAE even when given after symptoms appeared (18, 19) and provided a rationale for treating patients with MS. Early studies on the immunologic effects of cyclophosphamide demonstrated a decrease in the absolute number of T cells (20) , a reduction in circulating B cells (21), a decrease in the synthesis of IgG within the blood-brain barrier (22) , and decreased spontaneous proliferation of lymphocytes (23) . We have investigated the use of pulse cyclophosphamide to treat progressive MS and found a positive clinical effect in younger patients with actively progressive disease of short duration (24, 25) , although not all studies of cyclophosphamide therapy found a positive effect (26) . Moreover, we reported an increase in the anti-CD3-induced IL-4 secretion by T cells in MS patients treated with pulse cyclophosphamide methylprednisolone (CY/MP; 27) and have recently found that CY/MP induces myelin antigen specific IL-4-secreting T cells in MS patients (28) . Other immunosuppressive drugs such as methotrexate, cladribine, and monthly intravenous methylprednisolone have also been used to treat progressive MS patients, and the mechanism by which these agents may affect disease process in MS is also unknown.
Several techniques have been used to analyze cytokine synthesis ex vivo at the single-cell level: ELISPOT, in situ hybridization, limiting dilution, and single-cell PCR (29) . However, all of these techniques have significant drawbacks, requiring either high technical proficiency or laborious manual scoring of data. Cytokine production measured by intracytoplasmic staining and flow cytometry has the advantage of rapidly determining the cytokine production of a large number of individual cells. In addition, flow cytometry allows the identification of the phenotype and quantification of the frequency of cytokine producing cells as defined by membrane antigens and intracellular cytokines. We used this new approach to analyze a panel of cytokines in the peripheral blood of progressive MS patients with or without immunosuppressive therapies. We found that IL-12 production was linked to disease activity in patients with progressive disease, and that a decrease in IL-12 production with an increase in Th2 cytokines and TGF-␤ was associated with CY/MP treatment.
Methods
Patients and treatment regimens. MS patients were followed at the outpatient MS clinic at the Brigham and Women's Hospital. Neurologic examination including physician assessment of disease activity and scoring on the Expanded Disability Status Scale (EDSS) was performed at every visit. There were 18 untreated progressive MS patients who had never received immunosuppressive therapy and who had not received steroid treatment in the 6 mo before blood drawing (female/male ϭ 12:6; average age ϭ 50.2 Ϯ 2.5; average EDSS ϭ 5.6 Ϯ 0.3). Patients on pulse cyclophosphamide received 600-1,200 mg/m 2 intravenous cyclophosphamide every 4-8 wk together with 1 gm of intravenous methylprednisolone (CY/MP). Cyclophosphamide dose was adjusted to produce a white blood cell nadir of 2,000 cells/ cm 3 10-14 d after therapy. 21 patients treated with pulse cyclophosphamide were studied (F/M ϭ 18:3; average age ϭ 42.7 Ϯ 2.0; average EDSS ϭ 5.1 Ϯ 0.3). 11 progressive MS patients were receiving monthly infusions of intravenous methylprednisolone only (F/M ϭ 5:6; average age ϭ 49.9 Ϯ 3.8; average EDSS ϭ 5.7 Ϯ 0.3). 11 progressive MS patients were receiving methotrexate (F/M ϭ 8:3; average age ϭ 50.7 Ϯ 3.8; average EDSS ϭ 5.7 Ϯ 0.3). The control group consisted of 14 healthy individuals (F/M ϭ 6:8, average age ϭ 44.6 Ϯ 3.6). Disease activity was assessed by the examining physician at the time of blood drawing, and each patient rated as stable or active based on clinical history and neurologic examination. A longitudinal study was performed in three progressive MS patients with active disease before starting treatment with pulse cyclophosphamide and monthly for 3 mo after starting treatment of monthly CY/MP pulses. Three healthy donors were also followed as controls for the same time. Peripheral blood was collected immediately before cyclophosphamide infusion in patients followed prospectively.
Antibodies and reagents. FITC-conjugated mouse anti-human IgG2a CD14 and Cy-Chrome mouse anti-human IgG2a CD3 were obtained from PharMingen (San Diego, CA). FITC and Cy-Chrome mouse IgG2a (PharMingen) were used as isotype controls. The following mAb against intracytoplasmic cytokines (all phycoerythrin [PE]-conjugated) were obtained from PharMingen: mouse anti-human IgG1 p40/p70 IL-12, mouse anti-human IgG1 IFN-␥ , mouse anti-human IgG1 TNF-␣ , mouse anti-human IgG1 IL-4, rat anti-human IgG2a IL-10, and rat anti-human IgG2a IL-5. PE-conjugated mouse IgG1 and rat IgG2a were used as isotype controls. Unlabeled mouse anti-human IL-12 was used as specificity control. The following FITC-conjugated antibodies were also obtained from PharMingen: mouse anti-human IgG1 CD40, mouse anti-human IgG1 CD86, and mouse anti-human IgG2a class II MHC. Mouse IgG1 and mouse IgG2a, both FITC-conjugated, were used as isotype controls. Mouse anti-human IgG1 CD80 was from Immunotech (Westbrook, ME). Purified mouse antihuman IgG1 TGF-␤ 1 mAb was obtained from R&D Systems (Gaithersburg, MD Cell separation and culture conditions. PBMC were isolated by Ficoll-Hypaque density gradient centrifugation and resuspended (2 ϫ 10 6 /ml) in complete culture media consisting of RPMI 1,640 medium supplemented with 10% fetal bovine serum, 4 mM L -glutamine, 25 mM Hepes buffer, 50 units/ml penicillin, and 50 mg/ml streptomycin (all from BioWhittaker, Walkersville, MD). Optimal conditions for mononuclear cell stimulation were determined by kinetic studies using single stimulating agents or combination of agents. The time of maximal cytokine production was used for the studies reported below. Maximal stimulation of monocytes for IL-12 production was obtained with sequential stimulation with IFN-␥ and LPS as follows: PBMC were placed in polypropylene culture tubes (Fisher Scientific Co., Pittsburgh, PA) in a volume of 1 ml and stimulated with rhIFN-␥ (10 ng/ml) for 2 h and LPS (100 ng/ml) for 22 h. To determine IL-10, TNF-␣ , and TGF-␤ secretion, cells were cultured either in medium alone or with LPS (100 ng/ml) for 6 h. Maximal T cell cytokine production was achieved with a combination of PHA, PMA, and ionomycin as follows: to determine IL-4, IL-5, IL-10, IFN-␥ , TNF-␣ , and TGF-␤ by T cells, PBMC were placed in 6-well plates (Costar Corp., Cambridge, MA) in a volume of 6 ml and cultured in medium alone or with a combination of PMA (100 ng/ml), ionomycin (250 ng/ml), and PHA (1 g/ml) for 6 h. In all cases, monensin (3 M) was added to the PBMC cultures from the beginning to inhibit cytokine secretion.
Intracytoplasmic staining. Cultured cells were washed in staining buffer (DPBS without Mg 2 ϩ or Ca 2 ϩ , 0.1% sodium azide, 1% heatinactivated FCS) and resuspended in staining buffer containing 20% of human antibody serum (Sigma) to block Fc receptors. Antibodies to cell surface markers were added for 30 min at the end of the stimulation culture, i.e., at 24 h for IL-12 cultures and at 6 h for other cytokine cultures. The cells were washed twice in staining buffer then fixed with 4% paraformaldehyde and left for 20 min or overnight in the dark. Cells were washed twice, resuspended in permeabilization buffer (DPBS without Mg 2 ϩ or Ca 2 ϩ , 0.1% sodium azide, 1% heatinactivated FCS, 0.1% saponin) and incubated with antibodies against cytokines or isotype controls in a concentration ranging from 0.25 to 1 g per 10 6 cells for 30 min. The cells were washed in permeabilization buffer then twice in staining buffer. For TGF-␤ staining, incubation with anti-TGF-␤ was followed by incubation with goat anti-mouse antibody (1/25 dilution) for 10 min. Purified mouse IgG1 plus PElabeled goat anti-mouse served as negative control. All staining steps were carried out at 4 Њ C in the dark. Cytokine blocking experiments were performed by the addition of an excess of unlabeled anti-cytokine mAb for 20 min before the addition of the labeled anti-cytokine mAb ( Fig. 1) .
In vitro experiments using 4HC. PBMC (2 ϫ 10 6 /ml) were cultured in polypropylene tubes for 1 h with or without 4HC at 10
, and 10 Ϫ 5 M. Cells were washed three times in complete media and stimulated with either LPS for 6 h or rhIFN-␥ plus LPS for 24 h. Intracytoplasmic staining of TNF-␣ and IL-10 or IL-12 was performed as previously described. In additional experiments, monocytes were purified based on CD14 expression and pretreated with 4HC for 1 h then stimulated with rhIFN-␥ plus LPS for 24 h and stained for IL-12. Isolation of CD14 ϩ monocytes was performed by incubation of cells with mouse anti-human CD14 microbeads (Miltenyi Biotec Inc., Bergisch Gladbach, Germany). Positive selection of CD14 ϩ cells was performed by magnetic cell separation using the MiniMACS TM system (Miltenyi Biotec Inc.). The purity of CD14 ϩ monocytes was greater than 95% as assessed by flow cytometry. Surface staining for CD40, CD80, CD86, and Class II MHC was performed on purified monocytes after incubation with 4HC as above. In brief, after 18 h of stimulation (time for maximal expression of costimulatory molecules), the cells were washed in staining buffer, incubated with antibodies for 30 min, and then washed twice in staining buffer and fixed with 1% paraformaldehyde.
Flow cytometry. Cells were analyzed using a FACSort flow cytometer (Becton Dickinson Immunocytometry Systems, San Jose, CA) equipped with CellQuest software. Cytokine expression by T cells and monocytes was determined based on CD3 and CD14 staining. 20,000 events (for T cells) and 40,000 events (for monocytes) were acquired. The percentage of cytokine positive cells was calculated by subtracting the isotype control antibody signal from the specific anti-cytokine antibody signal.
Statistical analysis. The Kruskal-Wallis test was used to analyze differences in cytokine production among groups. If significant differences ( P Ͻ 0.05) were found, a two-tailed unpaired Mann-Whitney's test was then used to test for significant differences between two groups. Results are presented as mean Ϯ SEM values.
Results

Increased IL-12 expression in patients with progressive MS.
We investigated the production of IL-12 by monocytes of untreated progressive MS patients. Under unstimulated conditions very few cells ( Ͻ 1%) produce IL-12 in MS patients or normal individuals. Thus, intracellular staining for IL-12 was performed in 61 patients and 14 controls after rhIFN-␥ plus LPS stimulation. As seen in Fig. 2 , patients with progressive MS on no treatment ( n ϭ 18) had a significantly ( P ϭ 0.005) higher percentage of IL-12 secreting monocytes (mean 26.3 Ϯ 2.7%) than healthy individuals ( n ϭ 14, mean 14.9 Ϯ 2.1%). Patients with progressive MS treated with MP or methotrexate had levels similar to the untreated patients, whereas patients treated with CY/MP had decreased percentage of monocytes expressing IL-12 to the level seen in healthy individuals (mean 13.0 Ϯ 1.8%). We investigated whether other PBMCs may produce IL-12; natural killer (NK) cells produced no detectable IL-12 before or after stimulation, and less than 1% of B cells produced IL-12 after LPS stimulation in normal individuals and MS patients.
Measurement of TNF-␣ and IL-10 production by monocytes under stimulated and unstimulated conditions (Table I) showed no significant differences among patients (treated or untreated and controls).
Increased IFN-␥ production by T cells from untreated progressive MS patients and normalization of Th1 and Th2 cytokine balance in treated patients. PBMCs from patients and healthy controls were stimulated in vitro for 6 h with a combination of PMA (100 ng/ml), ionomycin (250 ng/ml), and PHA (1 g/ml). Intracellular staining for IL-4, IL-5, IL-10, IFN-␥ , and TNF-␣ was measured in T cells (Table II) .
Under unstimulated conditions, T cells expressed IL-4 and IL-5 while IFN-␥ and TNF-␣ were not detectable. In patients treated with MP, the percentage of IL-4-expressing cells was significantly higher than in untreated progressive MS patients ( P ϭ 0.01). In patients treated with CY/MP, there were significantly higher percentages of IL-4-and IL-5-producing cells compared with the other groups (Table II) . IL-10 production by T cells did not differentiate among groups.
After mitogenic stimulation, IFN-␥ production by T cells was increased in untreated progressive MS patients (P ϭ 0.03 compared with normal controls). In contrast, both CY/MP and methylprednisolone treatments were associated with a significant reduction (P ϭ 0.004 and 0.04 compared with untreated patients, respectively) in IFN-␥ expression (Table II) . No differences in IL-10, IL-4, IL-5, and TNF-␣ expression was observed among groups after mitogenic stimulation.
TGF-␤ expression by T cells and monocytes is increased in treated patients. TGF-␤ expression by T cells and monocytes
was determined in PBMC after 6 h incubation with and without the appropriate stimulation, as described above. The percentage of T cells expressing TGF-␤ in controls and untreated progressive MS was Ͻ 1%. Immunosuppressive treatment was associated with an increase in TGF-␤ expression, reaching statistical significance in methotrexate (1.2Ϯ0.3, P ϭ 0.001 vs. controls) and CY/MP-treated patients (2.0Ϯ1.2, P ϭ 0.0003 vs. controls; P ϭ 0.02 vs. untreated progressive MS; Fig. 3 ). Baseline TGF-␤ expression by monocytes was Ͻ 2% in all groups except the CY/MP treatment group where the percentage of monocytes secreting TGF-␤ was significantly higher (4.5Ϯ1.5) compared with controls (P ϭ 0.02) and methotrexate groups (P ϭ 0.02; Fig. 3 ). No differences in TGF-␤ expression were observed after mitogenic stimulation.
Prospective study of patients before and after cyclophosphamide treatment. To establish that the observed changes in cytokine expression were linked to treatment we followed three active progressive MS patients before starting treatment with CY/MP and for 3 mo after treatment. Three healthy controls were also followed for the same time. The time course of cytokine changes before and after treatment is shown in Fig. 4 . IL-12 production by monocytes and IFN-␥ expression by T cells in MS patients were elevated compared with control before CY/MP treatment and decreased after therapy started. No significant changes in IL-12 or IFN-␥ production were seen in the healthy controls over the same period. On the other hand, IL-4 and IL-5 expression in MS patients was comparable with control before CY/MP treatment and increased during the follow-up period. These cytokine changes were noted after the first month of treatment. IL-4 and IL-5 expression remained stable in the controls (Fig. 4) . 
In vitro pretreatment of PBMC with 4HC decreased IL-12 expression.
To investigate the effect of cyclophosphamide on IL-12 production, we studied the effects of 4HC-one of the known cyclophosphamide metabolites-on monocytes in vitro. PBMCs were cultured for 1 h with different concentrations of the metabolite before stimulation with rhIFN-␥ and LPS for 24 h. As shown in Fig. 5 , IL-12 expression decreased by ‫ف‬ 50% with the addition of 4HC. The inhibition was dose dependent and was not due to decreased viability of monocytes, since the number of cells recovered from cultures were similar in the cultures with and without 4HC. No effect of 4HC on IL-10 or TNF-␣ expression by monocytes was seen after LPS stimulation for 6 h.
To determine whether 4HC acts directly on monocytes, we performed experiments in which monocytes were purified based on CD14 expression, pretreated with 4HC for 1 h, and then stimulated for 24 h. As shown in Fig. 5 A, IL-12 expression by purified monocytes after rhIFN-␥ and LPS stimulation was lower compared with IL-12 production following stimulation of PBMC. Nonetheless, the addition of 4HC to purified monocytes was associated with a small dose-dependent decrease in IL-12 expression. ϩ (filled circles; 2 ϫ 10 6 /ml) were cultured for 1 h in the absence or presence of different concentrations of 4HC (x-axis). Cells were washed three times in complete culture media and then primed with rhIFN-␥ for 2 h and stimulated with LPS for 22 h. (B) Purified monocytes were cultured for 1 h with various concentrations of 4HC (x-axis) and washed three times then incubated in culture media for 18 h. Surface staining with CD40 (squares), CD80 (diamonds), and CD86 (circles) was performed as described in Methods. These results are representative of four independent experiments.
The effect of 4HC on decreased IL-12 production may be secondary to decreased expression of costimulatory molecules. Thus, we examined the expression of CD40, CD80, CD86, and Class II MHC on monocytes after incubation with 4HC in vitro. As seen in Fig. 5 B, incubation with 4HC induced a significant dose-dependent downregulation of CD40 expression on monocytes. A slight decrease in CD80 expression was seen at high doses. No change in CD86 or Class II MHC (not shown) expression was noted.
IL-12 expression in MS monocytes correlates with disease activity. We were interested in determining if there was a relationship between IL-12 production and disease activity. Patients were classified into two groups: active or stable by their treating physician at the time of blood drawing, and IL-12 expression was determined without knowledge of the clinical classification. IL-12 expression was compared among patients (treated or untreated) with stable disease (n ϭ 36) and patients with active disease (n ϭ 25). We found a statistically significant increase in IL-12 production in the group with active disease compared with patients with stable disease (26.0Ϯ2.7 vs. 18.3Ϯ1.8, P ϭ 0.02; Fig. 6 ). There was no correlation between IL-12 production and EDSS score.
Discussion
In this study, we investigated cytokine production in PBMC from MS patients by using intracellular detection of cytokines by flow cytometry (30, 31) . This method enables detection of cytokine production by individual cell populations and simultaneously determines their phenotype based upon surface antigen expression. Unstimulated monocytes produce little or no IL-12 spontaneously; thus we used in vitro stimulation to detect IL-12-secreting cells. NK cells did not produce IL-12 before or after stimulation, and a very small percentage of B cells (Ͻ 1%) had detectable IL-12 production.
We found that the frequency of IL-12-producing monocytes in untreated MS patients was higher than in controls.
These results are in agreement with previous reports in which an elevated production of IL-12 by PBMC was found in progressive MS (16, 17) . Furthermore, IL-12 expression segregated with the disease activity as assessed by the treating physician suggesting a role for IL-12 in disease progression. The frequency of TNF-␣-producing monocytes was not statistically different among the patient subgroups but showed a trend towards increased frequency in untreated progressive patients. This may be due to a selective effect of CY/MP on IL-12 production, to an effect of CY/MP on subpopulations of monocytes that produce mainly IL-12, or due to the smaller sample size analyzed for TNF-␣. We also found increased IFN-␥-expressing T cells in patients with progressive MS on no treatment in agreement with a previous report of increased IFN-␥ mRNA-expressing PBMC in MS patients (32) and with the known deleterious effect of IFN-␥ in MS (33-35).
The second major finding in our study is the change in cytokine balance induced by immunosuppressive treatments. Treatment with methotrexate increased TGF-␤ production by T cells. Methylprednisolone (MP) monthly treatment was associated with a decrease in IFN-␥-expressing cells and an increase in IL-4-expressing cells. Although in vitro decrease in IL-12 production by dexamethasone in monocytes has recently been reported (36), we did not observe any effect on IL-12 production in the group of patients treated with monthly MP. That may be explained by either a difference in the biological effects of MP and dexamethasone or a predominant effect of dexamethasone in the non-CD14 population of adherent cells. CY/MP treatment was associated with multiple cytokine effects. There was a significant decrease in IL-12 and IFN-␥ and an increase in IL-4, IL-5, and TGF-␤. The latter was increased both in T cells and monocytes. Thus, CY/MP treatment was associated with a shift in cytokines from Th1 to Th2/Th3 pattern. These results agree with our recent report of increased anti-CD3-induced IL-4 secretion by T cells in patients treated with cyclophosphamide (27) . The increase in percentage of IL-4, IL-5, and TGF-␤-producing cells in CY/MP treated patients was much less than the changes we observed for IL-12 and IFN-␥. Given the low numbers of IL-4-, IL-5-, and TGF-␤-secreting cells in untreated MS patients, the increases we observed are likely to be biologically significant, although the results should be interpreted with caution. The differences noted between untreated and CY/MP treated patients in percentage of cells producing IL-4-and IL-5-producing cells were seen under unstimulated conditions, no differences in stimulated IL-4-or IL-5-producing cells were noted. A similar phenomenon was reported in patients treated with rIFN-␤ 1b , where the percentage of monocytes spontaneously producing IL-10 was increased compared with untreated patients, but this difference disappeared after stimulation (37).
The finding of decreased IL-12 in CY/MP-treated patients also was observed in patients followed-up prospectively before and after treatment. In these patients the cytokine shifts occur subsequent to the start of treatment. Corticosteroids are known to inhibit the production of most cytokines in activated T cells (38, 39) , and may increase IL-4 synthesis in T cells (40, 41) . Because pulse cyclophosphamide treatment includes methylprednisolone infusions, we evaluated the effects of monthly MP treatment. We found that these patients had a modest but significant increase in IL-4 expression and a decrease in IFN-␥ expression. These results suggest that corticosteroids promote a Th2 cytokine response in T cells. Thus, Figure 6 . IL-12 expression correlates with disease activity. IL-12 production in monocytes of healthy individuals (Control), MS patients with active disease (Active) and stable disease (Stable); *P ϭ 0.02 for comparison between active and stable. methylprednisolone may have a synergistic effect with cyclophosphamide in inducing immune deviation.
TGF-␤ is a regulator of immune responses and plays an important role in recovery from EAE (7, 10, 42, 43) , and investigators have reported that there is less severe disease in MS patients with increased levels of TGF-␤ secreting cells (44) . It was recently shown that IL-12 and IFN-␥ are important regulators of TGF-␤ production both in vivo and in vitro (45) . Thus, our finding of an increase in TGF-␤ expression by T cells and monocytes in patients treated with CY/MP is consistent with the decreased IL-12 and IFN-␥ expression in these patients. Whether this increased production of TGF-␤ is a direct effect of treatment or is secondary to the change in Th1/Th2 balance remains to be determined.
In vitro studies suggest that the decreased IL-12 production is a direct effect of cyclophosphamide metabolite on monocytes. Thus addition of 4HC in vitro resulted in decreased IL-12 expression. 4HC is a synthetic compound that spontaneously hydrolyzes in aqueous solution to 4-hydroxycyclophosphamide, the initial metabolite formed by liver microsomal activation of cyclophosphamide. 4HC mimics the immunosuppressive effects of cyclophosphamide observed in the intact organism (46, 47) . Surprisingly, the inhibition of IL-12 expression by 4HC in vitro was selective, because expression of other cytokines produced by monocytes, such as TNF-␣ and IL-10, was not affected. However, an indirect effect of cyclophosphamide treatment on other cytokine production cannot be ruled out. Purified stimulated monocytes had lower IL-12 expression compared with stimulation of PBMCs, probably reflecting the absence of signaling from CD40 ligand usually provided by T cells in the PBMC cultures. CD40-CD40L interaction is critical for IL-12 production by monocytes under antigen driven conditions (16, 48) , but monocytes can produce IL-12 via a CD40/CD40L independent pathway in response to LPS or heat-killed Listeria monocytogenes, and this pathway does not require interaction of APC with T cells (49) . Nevertheless, IL-12 expression by purified monocytes was slightly decreased by the addition of the metabolite, suggesting some direct effect of cyclophosphamide on monocytes. Although the mechanism by which cyclophosphamide affects IL-12 secretion remains to be defined, it is unlikely to be due to the alkylating properties of cyclophosphamide, as proliferating cells are more vulnerable to the cytotoxic effects of cyclophosphamide, and monocytes are not considered to be actively proliferating cells. Furthermore, in vitro addition of 4HC to the cell cultures was not associated with decreased cell viability. Thus, cyclophosphamide may have a direct effect on monocyte IL-12 production and an indirect effect (T cell dependent) through decreased CD40 expression on monocytes.
In summary, our results demonstrate a Th1-type cytokine bias in peripheral blood mononuclear cells of untreated progressive MS patients that is reversed by CY/MP treatment and is associated with Th2 and TGF-␤ (Th3) type responses. These findings provide a basis for immune monitoring of patients with MS. If the linkage between IL-12 production and response to treatment is validated in longitudinal studies, this would suggest that treatments that downregulate IL-12 are likely to be beneficial in progressive MS.
